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1.1

SECTION I - INTRODUCTION

Scope of Report

This final report, covering the period 6 June 1966 through
6 October 1966, presents the results of a study concerning the
design feasibility of a 100 Hz fiber optic device capable of
measuring the frequency spectrum of a complex mechanical input
forcing function, In the intended application, the device
would be mounted on a structural member of a missile whose
vibration spectrum is to be measured. The primary features of
the fiber optic device are that it would be directly excited by
the missile structure's vibration, and that the device's output
is an optical analogue of the vibration spectrum.

The fiber optic device under consideration is basically a
refinement of the-vibratigg reed frequency analyzer. Its oper-
ational principals are self evident from figures 1 and 2. Its
outstanding features are very small size, high frequency resol-
ution, wide frequency range, controlled reed (fiber) bandwidth
an an optical readout of the reed amplitudes. The optical
output consists of a sheet beam of light whose intensity versus
distance measured from one edge of the sheet beam is an analogue
to the vibration spectrum amplitude versus frequeﬁcy.

The device is one of two types of vibrating fiber optic
devices developed at Sperry for which the label SCEPTRONTM has

been coined. The type of Sceptron under consideration here




consists of a row of metal reeds (fibers) whose frequency
increases uniformly across the array., It was developed for
use in a real time spectrum analiyzer having a continuous
printout on oscillographic recorder paper, but it should
also find application in other systems which require a high
quality and easily useable presentation of a signal spectrum.
The other type of Sceptron developed at Sperry consists of a
square array of vibrating glass fibers. It has been used in
audio pattern recognition systems. It is not well suited to
the present task and is not discussed in this report.

The Sceptron array developed for the spectrum analyzer
covers a frequency range of 2 KHz to 6 KHz with 200 fibers
each having 20 Hz bandwidth. Such an array was manufactured
and enclosed in é special housing under Task I of this con-
tract and delivered to the customer for evaluation. This
report fulfills the requiremenis of Task II of this contract.
It is a design study whose purpose is to derive the basic
formula needed to extend the frequency range of the Sceptron
array to .1 KHz to 20 KHz, and to determine the feasibility
of such an extension of frequency range. Because a complete
analysis has never been carried out previously on the stan-
dard 2 KHz to 6 KHz Sceptron array, in many instrances gener-
al formula had to be derived. These formulas were used to
analyse the standard Sceptron as well as determine ‘the basic
design parameters of arrays to cover the extended frequency

range.
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Conclusions

A number of conclusions have been formed, a few favor-
able, most of them unfavorable, concerning the feasibility
of covering the .1 KHz to 20 KHz frequency range. An over-
all yes-no type conclusion was not possible because too much
depends upon the customer!s specific requirements and the
competitive approaches available to him, information not
available to Sperry. The conclusions are as followss
a, The design objective frequency range of 100 Hz to 20,000

Hz must be covered with four separate arrays covering

the frequency ranges of 100 to 376 Hz, 376 to 1410 Hz,

1410 Hz to 5320 Hz, and 5320 Hz to 20,000 Hz. This is

necessary in order to prevent higher mode excitation of

the array fibers, A further requirement is that the
arrays be mounted on mechanical filters which band limit
the signal applied tc each array to a frequency less than

6 times the lowest frequency of the array.

b. The manufacturing problems associated with the arrays
increase in order of increasing frequency. The three
lowest frequency arrays are considered practical to build,
but the high frequency array by itself, may be impracti-
cal, although not impossible to build. All can be built

with good frequency accuracy and bandwidth control.




The high frequency array requires the development of a
part which will limit the fiber motion to a safe maximum
value, This is necessary in order to prevent fatigue
failure in the fibers when strong signals are inadvert-
ently applied. The successful operation of a fiber
limiter must be demonstrated experimentally before it is
possible to guarantee delivery of arrays operating above
6 KHz.

The required critical aligmnment of the static masks limits
the temperature range over which the arrays can be used
to about -30 to 170 degrees F, based on calculations.
These figures have not been varified experimentally and
development work to improve the temperature range wouid
probably be necessary.

Unless special precautions are taken, the steady state
acceleration of the missile will cause the low frequency
fibers to be displaced an unacceptable amount up to a
frequency to about 850 Hz. The static displacement can
not be distinguished from the displacement due to vibra-
tions. Possibly acceptable solutions to this problem
are outlined in the report,

The theoretical input dynamic ranges of the four arrays

are 41 db, 41 db, 35 db, and 23 db in order of increas-

- ing frequency. This is a relatively small dynamic range
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for a device which is used as a sensor. Because signal
spectrums frequently encompass very large dynamic ranges,
1t is customary in spectrum analysis to compress the
dynamic range before analysis by techniques such as pre-
emphasis and gutomatic gain control, This is not possi-
ble in the intended application.

g. The array readout should be averaged at each frequency
of interest over a period of 10 or more fiber time con-
stants if the signal is basically random as it is thought
to be., If the array is scanned, this implies that succes-
sive scans ar€ averaged over a period of 10 or more time
constants. There are other restrictions on the scanning
speed (see Section 2.2.3) which require very rapid scan-
ning, therefore,ﬁmany scans must be averaged. The pur-
pose of averaging is to obtain a stable estimate of the
signal spectrum, Even with steady state discrete frequ-~
ency signals, there is a need for smoothing the spectrums
over time, It is thought that this requirement will in-

crease equipment complexity a good deal.

Recommendations

It is recommended that the operating ranges, parameters,
and limitations discussed in this report be carefulily evalu-
ated against missile operational conditions and requirements

before broad band arrays are built. The high frequency array



should not be built unless it is absolutely necessary and it
is determined that the additional development and manufactur-

ing costs are worthwhile.




SECTION I1 - DETAILS OF DESIGN STUDY

General Discussion

This report discusses the factors involved in designing
a metal fiber array which will frequency analyze the 100 to
20,000 Hz range. Several metal fiber arrays covering the
2000 to 6000 Hz range have been manufactured and tested pre-
vious to this program. Therefore the general nature of the
problems to be encountered was known.,

The essentialﬁmrts of a metal fiber array of the type
manufactured in Task I of this contract zr2 shown in figure 1.
This array covers the 2000-6000 Hz frequency range uniformly
with 200 fibers in a 2 inch length. The fibers have a ,002
x .022 inch cross section and vary in length from .098 inches
to .170 inches. They have a 3 db bandwidth of 20 cps. The
array is sandwiched between two photographic masks, also
shown in figure 1. The operation of the array assembly is
illustrated in figure 2. The array assembly is iliuminated
with collimated light. The fibers and masks block the light
when the fibers are in their rest position. When the array
assembly is attached to a vibration source, each fiber vi-
brates at its resonant frequency, fo, with an amplitude pro-
portional to the source spectrum amplitude at fo“ Thus the
fiber amplitudesrepresent the source spectrum. The average

light transmitted past each fiber is proportional to the



fiber amplitude, therefore the transmitted light intensity
versus distance along the array represents the spectrum am-
plitude versus fréquency°

A detailed analysis of array performance has been car-
ried out in this report to accurately determine the design
problems and the problems related to end use of the array.
The performance analysis is broken down into the following

categoriess

2.2.1 Frequency range, number of fibers, fiber bandwidth as
related to frequency resolution, transient response
and stability of results.

2.2.2 Steady state transfer characteristics as function of
fiber Q, light source collimation, diffraction and

halation in photographic film,

i8]
[
W

Sources of noise with steady state signals, the need

for smoothing.

2.2.4 Higher mode response of fibers. Frequency range that
can be covered unambiguously with single array. Number
of arrays required.

Following this, the practical design factors affecting

performance are considered. These ares

2.3.1 Fiber stress. Its relation to frequency and dynamic

range.

-8-
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2,2,1

R.,3.2 Dependence’of bandwidth on air damping, fiber hyster-
esis, base hysteresis, Bandwidths obtainable.

2.3.3 Vibration levels needed to drive array.

2.3.4 Static displacement of fibers in array undergoing d.c.
acceleration,

2.3.5 Magnetic coupling between fibers. Effect on design
of low frequency fibers.,

2,3.6 Critical dimensions. Thermal expansion problems.
Tuning Accuracy.

2.3.,7 Structural resonances.,

Within each section, reference is made to the array de-
livered in Task I and to the 100 Hz to 20,000 Hz array when-
ever significant conclusions can be drawn or design informa-

tion stated,

Performance Analysis of Array

Frequency Range, Number of Fibers, Fiber Bandwidth.

The frequency range to be analyzed is 100 to 20,000 Hz.
An ideal analysis would obtain the signal spectrum! for all
frequencies in this range. However, the metal fiber array

congists of a set of fixed narrow band filters, so the array

1. The word “M#spectrum® is used loosely except where specifically de-
fined, It is generally taken as meaning the amplitude response of
a set of contiguous filters or, almost equivalently, the amplitude
of the fourier transform of a weighted time segment of the signal.



output measures the signal spectrum as a set of discrete fre-
quencies, If the fibers are close enough together, and if
the fiber bandwidth is small enough, the spectrum fine struc-
ture will be adequately represented, It might seem from this
statement that an ideal analyzer would have an infinite
number of filters each having zero bandwidth, and this is
true for ideal steady state discrete frequency signals. In
general, however, the signals are changing with time, or the
signals are random in nature. In the first case, if the
changes are slow with time, the signal will be termed quasi-
steady state, and’interest naturally focuses on the signal
spectrum measured over finite segments of the signal. Such
a spectrum can be obtained by a set of contiguous filters
having an impulse response whose duration matches the length
of the signal segments., Such a bank of filters will have
bandwidths of roughly one over the signal segment length
because of the inverse relationship between bandwidth and
duration of impulse response,

In the second case the signaels are random, that is, noise-
like. A model for such signals is a white ncise genersator
driving a linear system. The output of the linear system
will be nbise, colored by the frequency response of the lin-
ear system. The émplitude frequency response of the linear
system can be determined by means of a set of contiguous

filters as in case one, However, in case two, it is necessary

=10~



to smooth the rectified output of each filter over 10 or more
filter time constants to obtain a stable (reliable) estimate
of the linear system's transfer function. ‘The need for
smoothing arises out of the random nature of the signal. The
instantaneous filter output amplitude can range theoretically
from zero to infinity when driven by a noise generator. It

is the average output that is significant. The averaging time
must be long enough, ten or more filter time constants, to
obtain a good estimate of the long term average output.
Therefore, if it is necessary to obtain a stable estimate
quickly, broadband filters (having an impulse response whose
duration is short) must be used. It is clear from above that
there is a conflict between obtaining stable estimates quickly
and good frequency resolution. If the linear system function
is time dependent, a situation similar to case one developes.
For a quasi stationary random signal, the signal can be divided
into segments each of which is taken toc be stationary. How-
ever'y unlike case one, the filter regponse time must be a
small fraction, one tenth or less, of the segment length,
Therefore, the frequency resolution obtained is one tenth or
less that obtained for case one. As a final remark, the
signal analyzed always have a beginning and end, thereforg

the quasi stationary segment cannot be any longer than the

signal duration. 1t can occur that the signal duration is

-1]-



not great enough to obtain the desired stability apd_frequency
resolution2° |

The conclusion to be drawn from tihe above discussion is
that for each signal to be analyzed, a bandwidth should be
chosen meeting both the resoclution requirements and response
time requirements. This is not always possible, With regard
to this program Sperry does not know what the nature of the
signals to be analyzed is except that they are probably noise-
like. Furthermore, the range of bandwidths obtainable by
means of vibrating fibers is rather small at present say 5 to
40 Hz over the 100 to 6000 Hz range. In general, several
analyses with different bandwidths may be necessary to cap-
ture parts of the signal spectrum., Certainly, in the initial
stages of signal énalysiS» several bandwidths should be tried
to see which gives the best resuits.

The optimum fiber spacing is a function of the fiber band-
width., The basic consideration is that the fiber spacing
should be small enough so that the signal spectrum can be
recreated accurately from the discrete samples provided by
the array. In the following paragraphs, a near optimum method
of recreating the signal spectrum will be presented. Several
worst case signals will be used as examples. From these ex-
amples, the optimum fiber spacing versus bandwidth will be

determined. The problem of recreating the signal spectrum is

- s om am ow om am om o o

2. The concepts of this paragraph are taken largely from R.B. Blackman
and J.W. Tukey, "The Measurement of Power Spectra,® Dover 1959,

=12~




essentially me of interpolating between the sample values.
There are several ways of doing this physically. One way is
to scan the array with a detector having a width equal to or
greater than the fiber spacing. This operation is mathemati-
cally equivaient to convolving the sample data with a pulse
of finite width. Another way is to diffuse the 1light output
of the array, that is allow the light output of each fiber
to spread slightly so that the region between fibers is
filled in with light. This operation is also equivalent to
convolution of the array output with a pulse. A third way
1s to scan the array output with a small detector and low
pass filter the detector output, This is equivalent to con-
volving the array output with a pulse whose shape is the im-
pulse response of the filter running backwards. A fourth
and more esoteric way is to spatially filter the array output
with a coherent optical processor., Of these, the first three
are practical, the fourth is unnecessarily complicated.

The first and second techniques are illustrated in figure
3. In the former, a scanner moves across the array. The
light sensitive surface gathers the outputs of several fibers,
weights them by the amount indicated by the weighting function
shown and sums thém. In the latter technique, the output of
each fiber strikes a diffuser. Each pencil of light spreads
out and illuminates the photosensitive surface with an inten-

sity versus position indicated by the weighting functions

-12-




drawn in. The photosensitive surface sums the distributions
produced by each fiber. The two techniques give identical
output versus position (within a constant factor) when the
weighting functions are identical., Both techniques will be
called spatial smoothing., The mathematical model that fol-
lows is based upoﬁ the second.technique» but also applies to
the first.

The light intensity versus position on the photosensitive

surface is given by

)= K[ DOV Lo (£-2)d ) .

where 4; is distance along the photosensitive surface measured
in terms of the resonant frequency of the fiber op-
posite the surface.
l—oéF) is the light output of the array versus {:‘

‘DGI\‘ is the weighting function which results from the

4 diffuser,

L_(Fﬁ is the light intensity incident on the photosensitive
surface versus distance,
h\ is a constant dependent on transmission losses, which
will be set equal to 1,
Conceptually, the action of the diffuser can be thought of as
spatial filtering. To point this out, the Fourier transform

of L(‘f") is written below.

_13_
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vhere f is the transform variable
S(€) «> L)
So(?) <« LGH:)

QE) « D)

The light output of the array can be approximated as the pro-
duct of a sampling function and the continuous output that
would have been obtained if the fiber spacing were infinite-

simal, Thus

Lf)= af) Sthnad-Laf)

h=z =00
where A.F is the fiber spacing.
SéF) is a dirac delta function.
Z_ DD(F) is the continuous output that would be obtained
with infinitesimal A .

The transform DEF) of L,(‘F) is found to be
‘ 30
S:6) = z SedS — 'Z?TFj @

h= -co

where Soo(g) <>/, (_F)

Substituting (4) into (2), the final expression for g§> is

obtaineds
)




€)= Qe Y SwlE-2)

" h--e»
The nature of these functions is illustrated in figure 4.

The action of the diffuser, in this example, is to remove

higher sidebands from S°<§); leaving S(§>, which approxi-

mates the transform of the hypothetical continuous output
that would be obtained if the fiber spacing were infinitesi-
mal. Therefore, the light output, L(*D » 1s a good represen-
tation of this hyéothetical output, Of course, if the fiber
spacing is too large, the terms of Sb(§> overlap so that
55°°<E;> cannot be recovered accurately., Or if the weighting
function, DéF) » is too wide, %) will be too narrow, and
So g)m.u. be truncated by Q@)

Perhaps the easiest way of analyzing the diffuser (or
scanner) is to assume a weighting function and evaluate equa-
tion 1 for several inpul signals and fiber spacings. The

weighting function that will be used is given by
_ L f) _F<
D) =7 (I+ces Z >> Fef<F
=0, IfI>F

This weighting function, called a hanning window, and its

(6)

transform %} » are sketched in figure 4. This window is
chosen for the following reasonss it is a smooth curv.e which
produces no discontinuities in magnitude or slope of the

smoothed data. It is the general type of yeighting function
that bne would expect a diffuser to produce. It is a simple

mathematical expression and its transform has low sidelobes.

-15-



The first example of equation 1 is the smoothed output of a
train of equal impulses equally spaced A'F - The peak to
valley ratio of the smoothed output versus window width is -
shown in figure 5a, As shown, the peak to valley ratio is
near one for F)A‘F and is one for certain values of window
width. The second example consists of the smoothed output
of the array when the input is a single frequency, the fiber
has a square law detector transfer characteristic» the fibers
are spaced one bandwidth apart and the window is three fiber
spacings wide (figure 5b). Two cases are showns when the
input ffequency coincides with a fiber and when the input
frequency falls midway between two fibers. Fiber positions
are indicated by circles. The dashed curves represent the
array output assuming infinitesimal fiber spacing. The
third example (figure 5c¢) is the same as the second except
that.the fiber spacing is one-half the bandwidth. This set
of conditions was used in plotting figure 4 also (spatial »
filtering). In the fourth example (figure 6a), the f?ber
has a linear full-wave detector characteristic, the fibers
are spaced one bandwidth apart and the window is three fiber
spacings wide. The fifth example (figure 6b) is the same as
the fourth except the fibers are spaced one-half bandwidth
apart. In the sixth example (figure 6c) the fiber has a
linear full-wave detector characteristic, the fibers are

spaced one bandwidth apart, the window is three fiber spac-

~16-~



ings wide, but the input is two equal amplitude frequencies
three bandwidths apart. The seventh example (figure 7a) is
the same except that the fiber spacing is one-half bandwidth
and the input frequencies are spaced 1.5 bandwidths., The
last example (figure 7b) is the same except the two input
frequencies are one bandwidth apart.

These examples show that the smoothing technique employed
works rather well when the fibers are spaced one~half band-
width, Particularly, it should be noted that the peak values
of the smoothed curves are nearly independent of the positions
of the fibers relative to the curves. Also two frequencies
1.5 bandwidths apart can be resolved. Frequencies spaced
one bandwidth apart cannot be resolved for the choice of
fiber positions in figure 7b. This figure is of interest
because it shows that an ideal array (infinitesimal fiber
spacing) would just resolve frequencies one bandwidth apart.
To maintein this resolution in a practical array would re-
quire that the fibers be spaced roughly one-third bandwidth
apart (the spacing must be somewhat smaller than the separa-
tion of mins, and maxes, according to the sampling theorem).
When the fiber spacing is one bandwidth, the array perform-
ance deteriorates considerably. The peak values depend to a
greater extent on the relative positions of the fibers on the
curves, More seriously, the array resolution is three band-

widths rather than the 1.5 bandwidths obtained with the smaller

=17~



fiber spacing. The decrease in résolution can be thought of
as an increase in the effective bandwidth of the fibers, and
is tolerable in some applications. Unfortunately, the
response time is not reduced by the broadening effect smooth-
ing has on the array output,

No further analysis of fiber spacing and smoothing is
really necessary, however, it might be asked whether there is
a better type of spatial filtering in terms of minimizing the
number of fibers required for the same accuracy and resolu-
tion. An ideal low pass filter minimizes rms error, but has
a undesirable ringing impulse response. Smoothing using a
hanning window degrades the resolution by no more than a
factor of about 1.5 (see above examples) from that which a
loose application of the sampling theorem predicts as a limit,
This is typical of practical systems.

The delivered array (2 KHz to 6 KHz has 20 Hz bandwidth
fibers spaced 20 Hz apart, as do all arrays that have been
manufactured to date. The above analysis shows that these
arrays would have better performance if the bandwidths were
increased to 40 Hz, This can be done by changing the amount
of aserodynamic damping on the fibers, However, if the band-
width is increased, a larger input vibration level is re-
quired, which could be a problem in some applications. The
other alternative is to reduce the fiber spacing in the
future. This is possible but expensive because of the high

cost of manufacturing array fibers. Also the increased size

18-



would in some cases be a problem. Each alternative must be
considered in relation to the intended application. When
the signals have no narrow peaks or valleys, as is often the
case for noise like signals, then the above resolution and
accuracy problems do not exist. However, even then it is
highly desirable that the ability of the array to resolve
nafrow'peaks not be sacrificed because the exact nature of
the signals is after all unknown in most cases before the
spectral analysis, |

It was stated, in the discussion of spatial smoothing,
that scanner and diffuser can have identical effects. This
is true only as it applies to a completely fixed array output.
Qbviously, if the signal is changing, tﬁen the scanner will
not see the same signal as the diffuser because of the finite
scan rate, The problem presented by a noise signal is severe.
‘On the one hand séanning should be rapid so ;s to see changes
in the noise spectrum. On the other, the array output should
be averaged over 10 or more time constants to permit the aver-
age spectrum at each frequency to be obtained ;ith good ac-
curacy. Using a hanning window 3 fiber spacinés wide and a
fiber spacing equal to the fiber bandwicith; B » the latt’er
requirement is satisfied if the scan rate is less than 1/2
B® Hz/sec. vThis expression is obtained by dividing the mean
window width by 10x (time constant). If the bandwidth is 20
Hz, the scan rate should be iess than 200 Hz/sec, a very low

rate of scan.
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If the scan rate is violated seriously, it is necessary
to record each scan and average enough scans {over a period
of 10 or more time constants) to obtain stable results. The
latter technqiue is preferrable in that changes in the spec-
trum will be perceived as well as they can be for the aver-

aging time employed,

Steady State Transfer Characteristics

The steady state transfer characteristics of the array
can be treated in two parts. The first part consists of de-
termining the fiber motion when the signal is of the discrete
frequency type., The second part consists of determining the
light output as a function of fiber displacement. Thisf unc-
tion is nonlinear because of the effects of imperfect 1ight
collimation, clipping, diffraction, and halation in the photo-
fraphic film used to make the static masks. The first step
is to calculate the response of a fiber to a sinusoidal sig-
nal, This is done by means of the spring-mass-damper model of
the fiber shown in figure 8. In this figure, Vj. represents
the input displacement applied to the base of the array and
32 represents the displacement of the fiber tip relative to
the static mask. The model is accurate provided the fiber @
is high enough (greater than 10). The transfer function re-
lating &, and l:!g is also given in this figure. It is seen
that at resonance the output displacement is @ times the input

displacement., The fiber behaves as a simple tuned circuit.



The light output as a function of fiber displacement de-
pends upon the degree of light source céllimation as well as
diffraction and halation effects. These effects will be
treated one at a time. Initially it is assumed that diffrac-
tion and halation are nonexistent, but that the source is a

large lambertian source. This is illustrated in figure 9.

As shown, some light can leak through the array even when the

fibers are in their rest position. Wheh a fiber is displaced,
it allows a pencil of light to pass straeight through the array,
blocks the leakage path on one side and increases the leakage

path on the other side. The relative magnitudes of these light

fluxes are easily calculated. The entrance slits on the left

side of the array are considered as line sources. $he inten-
sity of these sources is proportional to the angles they sub-
tend at the various exit slits on the right side. These angles
are shown with dashed lines. The light flux which emerges from
the exit slits is proportional to the source intensity times
the area of the emergent beam which in turn is proportional to
the angle subtended by the exit slit as viewed from thé éntrance
slit. Normalizing with respect to path 3, the relative fluxes
are .25, .71 and 1 respectively for paths 1, 2 and 3. If the
lower fiber is diéplaced one full fiber width, these numbers
become .062, .35 and 1 normalized again with respect to path 3.
The flux in path 3 is proportional to the square of the fiber
displacement because it is proportion both to the area of the

entrance slit and exit slit.
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A more realistic drawing of the array is shown in figure 1O,
. Here the fibers are shown slanted 5 degrees. Now the leakage
components are much larger. When the bottom fiber is aispiacec
one fiber width, the relative fluxec for paths 1, 2 and 3 are
‘ o7Rs .15, and 1 respectively. The iight flux through path 3 is
given by

L= L2 %(g-foﬁ, y € d-ox

2w

{7)

| =~ -_?_éf_/ J d—&égéc’

where 43 is the fiber displacement.
0. 1is a measure of the fiber slant (see figure 11).
W is the spacing between the masks.
Ia is the incident light intensity on the array.
® 0. is the length of fiber illuminated.
L is in lumens when the dimensions are in meters.
a’ is slit width,
The formula is accurate for ﬁ))w » is accurate enough for rough
calculation down to £ =W. For small fiber slant (a~0), the
transfer function is square law. |
From the above analysis it is concluded that large lamber-
‘ tian sources cannot be used. In fact, the collimation must be
good enough to exclude the possiblity of flux paths such as 1

and 2. A path such as 4 is also possible, because of the high
. reflectivity of the fibers. 7To exclude all of these leakage

paths the source semi angle must be less than 9 degrees, for the

dimensions shown in figure 10 (representative of arrays manufac~

. tured to date).

FE P Mu, ) ‘L) A ‘ .j . ,(:J"_kl_;,_al’i’__l——'———’b‘r' .



As shown above a large lambertion light source cannot be
used. The small source semiangle can be most efficiently ob-
tained by the use of a small source which either approximates
a point source or a line source., A collimating lens must be
used to render the light approximately parallel. 4 practical
light source is shown in figure 11. It consists of a coil
filament whose length runs parallel to the array fibers, a
collimating lens, and a cylinder lens to form an intense line
image of the source at the array.

The angle subtended by the source in the horizontal plane
equals the source width divided by the distance between the
source and the collimating lens. This included angle must be
less than 18 degrees as explained above. However, there is no
benefit to be gained by making the source angle greater than 10
degrees because this is the acceptance angle of the array when
the static mask slots are fully exposed’for the type arrays
manufactured to date (see figure 11, bottom). With such a
source, the light flux is proportional to the square of dig~
placement for fibers having zero slant, as is the case for the
large lambertion source., If the source is smaller than 10
degrees, the array transfer function will be square law up to
a fiber displacement such that the array acceptance angle equals
twice the source angle, and then will become linear, The trans-

fer function is given by
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where L, is the light flux in lumens when dimenstions are
in meters.
ID is the intensity of illumination on the array.
¢ is the length of fiber illuminated.
W  is the separation between masks.
21 is the fiber displacement.
€ 1is the included angle subtended by the source at
the plane of the collimating lenms.

The width of the line image incident upon the array equals
the coil filament length multiplied by the ratio of the focal
lengths of the cyiinder lens to the collimator lens. This
width is not critical. However, if it exceeds the width which
the array assembly will accept, the design is not optimum in the
sense that a smaller (lower power) source could have been used,
or a shorter focal length lens could be used to put more light
through the array. The delivered array, which is considered
typical, will accept an included angle of 20 degrees and a line
width of about .030 inches,

It is possible to obtain very small light sources sﬁch as
fine filaments, zirconium arc lamps and high pressure mercury
arc lamps. In this case, the array output will be approximately

linear (except for the small effects of source size, diffraction
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and halation). With a square law response, the array output
represents the power spectrum, whereas with a linear response,
the array output represents the amplitude Spectrum. The power
spectrum is easier to analyze analyticalliy but otherwise has
little advantage. It is to be noted that the effect of vari-
ations in fibér»slant is less if a small source is used. For
this reason small sources are favored.

’Representative transfer functions are shown for the var-
ious cases discussed above in figure 12. The effect of clip-
ping is indicated in each curve at a displacement equal to the
mask slot width., An accurate curve showing the effects of
clipping is also shown in figure 12, assuming a very small
source, Unlike the other curves of figure 12, which are in-
stantaneous light output versus instantaneous fiber positién
plots, the clipping curve is a plot of average light output over
:a cycle versus the peak amplitude of vibration. Because of
clipping, fiber amplitudes greater than the slot width give
little information about the spectrum amplitude.

In studying these curves an important factor to consider
is dynamic range. Input dynamic range is the ratio of the
maximumn to minimum input for which the output is meaningful.
Clearly the square law region in the transfer characteristic
should either cover the entire range or be made very small.
The former requires the use of a relatively large light source

and the latter a very small one. Since fiber slant is not well
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controlled at present, only a very small source gives a trans-
fer characteristic which is mathematically simple and repeat-
able from fiber to fiber.

Diffraction hés a pronounced effect on the dynamic range
of the array, and is the most fundamental phenomenon limiting
dynamic range, This effect owes its existence to the wave
nature of light, and is important in the present case because
the dimensions involved are not large compared to the wave-
length of light. For instance, 1f a dynamic range of 40 db
is desired and the fiber is .002 inches thick, a fiber dis-
placement of 20 microinches must be detected, which happens
to be one wavelength of green light.

Unfortunately, the diffraction effect is very difficult to
analyze exactly and, therefore, it has been necessary to ideal-
ize the array geometry. Four models are presented and analyzed.
All of them use specifically the basic dimensions of the array
delivered in Task I (fiber cross section of .002 x .022 inches,
magk to fiber clearance of .0015 inches), but the results are
easily generalized by means of the scaling laws presented.

The last model is particularly important because it shows how
to extend the dynamic range and because it is falrly realistic
for the delivered array. The first three models are used
primarily to point out the basic problems.

Model number 1 is shown in figure 13. It consists of a

single mask and a fiber which has two knife edges. The mask
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is illuminated by a collimated light source. The intensity
pattern incident upon the fiber can be calculated by means of
Fresnel integra153 for each wavelength of incident light. To
simplify the computation, a monochromatic source of wavelength
.5 microns {green) is assumed., The intensity pattern is shown
in figure 13 also. It should be noted that the intensity at
the edge of the geometric shadow is only 1/4 that predicted
by geometric optics. Also there is light in the shadow region. .
To evaluate the instantaneous optical transfer function
{light flux output versus fiber instantaneous displacementf
the part of the intensity curve falling beyond the fiber edges
is integrated for various fiber displacements., This curve is
plotted in figure 14. Since the fiber motion is always ap-
proximately sinusoidal, the transfer function of interest is
really the average light output over a cycle, versus the fiber
peak amplitude. This is calculated by determining the shape
of the light output pulses for several fiber amplitudes, then
finding the area of these pulses. This transfer function is
shown in figure 15. It is seen that light leaks through the
array even when the fiber displacement is zero. This leakage
component is about 1.7 percent of the light transmitted through
the static mask slot. The light output does not increase
significantly until the fiber displacement reaches .07 x 10-3

inches, or 70 microinches.,

F.A. Jenkins, H.E. White "Fundamentals of Optics, " McGraw-Hill,
1950, p365 ~372.
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The dynamic range can be determined from this curve, The
definition of dynamic range is somewhat arbitrary, however, the
general idea is that it should be a measure of the ratio of the
maximum to minimum input signal levels for which the array gives
useful outputs, The maximum fiber displacement that gives a
useful output is one fiber thickness (2 x 10-3 inches in the
example), because clipping occurs for larger displacements.

The minimum useful displacement is about .07 x 10™2 inches.
Therefore, the dynamic range is about 29 db.

The dynamic range is a function of mask to fiber clearance
for model number 1. 3 db is added for each factor of two re-
duction in clearance, This scaling law is based upon the shape
of the intensity curve (figure 13) as a function of mask clear+
ance, This curve is scaled by the square root of clearance
along the 8 coordinate. Dynamic range is also a function of
fiber thickness. 6 db is added for each doubling of fiber
thickness,

The dynamic range of the double mask arrangement of figure
9 (with small source) can be estimated more closely from model
number 2 shown in figure 16a. In this case the diffraction
pattern formed by the mask slit falls upon the far edges of
the fiber, The left side mask is removed to make the analysis
possible by means of Fresnel integrals as before (otherwise the
calculation is too difficult to perform). Using the fact that

3 db of dynamic range is lost for each doubling of the spacing
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between the first;and second set of knife edges blocking the
light, it is calculated that 12 db is lost., Therefore the
dynamic range is 17 db, |

If the fibers slant, then a possible model for diffraction
effects is model number 3 shown in 16b. The analysis is es-
sentially the same as for 16a, except now the fiber exposes
a wider slot at full amplitude, For the delivered arréy, a5
degree slant doubles the slot width hence 6 db is added to the
dynamic range. The dynamic range becomes 23 db, A much larger
slant cannot be used because rays could then be reflected off
the fibers through adjacent slots (see figure 10).

As a result of the above analysis, a double mask arrangement
having much more dynamic range was thought of. It is model
number 4 shown in figure 17. The essential features of this
arrangement are that the light rays make a non-zero angle with
respect to the fibers, and that the mask slots be wider than the
shadow cast by the fiber. One mask lines up with one cornmer
of the fiber and the other mask lines up with'the diagon;lly
opposite corner of the fiber.

Consider the middle fiber in the drawing. In region.l, the
mask straight edge causes a Fresnel diffraction'pattern to fall
upon the first edge of the fiber. This is the situation treated
in figure 13, so at this location, the minimum preceptible fiber
displacement is about 70 microincheso However, what counts is

the light which passes through the slit in region 2. This slit
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is large, therefore, it can accommodate the wide diffraction
pattern that slit 1 forms when the fiber displacement is small.
The shape of this pattern is calculated approximately by assum-
ing that slit 1 is uniformly illuminated as predicted by geo-
metric optics, and then calculating the diffraction pattern
formed at slit 2 by slit 1. For very small displacements,
Fresnel diffraction can be approximated by Fraunhofer diffrac-
tion, hence the width of the main lobe will be4

- 2 WA

—— sy————
—

d

where d is the width of the main lobe.
W is the width of the array.
7\ is the wavelength,
t’ is the fiber displagement.
For a 70 microinch displacement, 4 is .0125 inches whereas
slit 2 is .004 inches wide, hence only one third of the main
lobe is accommodated. However, this center third contains
two thirds of the light in the diffraction pattern, so it is
concluded that slit 2 does not noticeably degrade the dynamic
range,
Slit 3 is also wide. It causes a Fresnel diffraction
pattern to fall upon region 4. However, the fiber is reflective

so it is also possible to have interference between the direct

Ibid 3, pp R79-285
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and reflected rays reaching region 4. First consider diffrac-
tion. The straight edge diffraction pattern shown in figure 13
can be used. Because the distance of the knife edge is 16 times
as great as in figure 13, the distance, 8, to the first maximum
is 4 times as great, or .0006 inches. The actual distance, S,
is .002 inches, so diffraction can be neglected to the first ap-
proximation.

Interference arises between the direct and reflected ray as
shown in figure 18, The maxima are separated by a distance
equal to 115 microinches for an angle © equal 5 degrees, If the
fiber surface acts asvperfect metal reflector, then the first
node is at the corner of the fiber when the incident light is
polarized perpendicular to the plane of incidence, and the first
maxima is at the corner when the incident light is polarized in
the plane of incidence., Therefore, when the source is randomly
polarized, no net interference pattern should be visibie.
Nevertheless, such a pattern was observed microscopically when
thé delivered array was being assembled. The pattern disappeared
when the angle @ was made about 5 degrees, ut is very apparent
for small angles. Possibly the fiber surface partially polarizes
the light or possibly the first edge of the fiber %ends to reflect
the component perpendicular to the plane of incidence when the
angle O is small. At any rate, for angles greater or equal to
5 degrees, the slit labeled 4 is by observation, quite uniformly

illuminated,



and, therefore, the quel 1 analysis can be applied, yielding
a minimum observable displacement of 70 microinches.

Since the fiber maximum useful displacement is ,004 inches
and the minimum useful displacement is 70 microinches, the
dynamic range is 57 to 1, or 35 db, using green light (.5
microns)., If silicon detectors and tungsten filament sources
are used, a more realistic wavelength to use is .7 microns.
Based on the fact that straight edge Fresnel diffraction pat-
tern scales as the square root of wavelength, the dynamic
range is reduced by a factor 1.2, or 1.5 db.

With model 4, the source should be small enough so that
the penumbra width at the edge of the fiber labeled 1 is con-
siderably less than 70 microinches, say 30 microinches. This
condition is satisfied if the source subtends less than 2
degrees atvthe collimator., For similar reasons the array
should be aligned within 1 degree,

Model 4 (figure 17) shows the fibers perpendicular to the
array masks. In actual practice, the fibers are only approxi-
mately perpendicular. The fiber slant is SOmewhat random due
to manufacturing tolerances. In the deliveréd array, the
slant varies from 0 to +4 degrees; a large percentage being
slanted about 2 degrees. The array as a whole was tilted
3 1/2 degrees with respect to the axis of the light source
to obtain the effect shown in figure 17 for all but a few
fibers. Experimental data indicates the dynamic range is

about 32 db.
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It is clear from the above discussion that fiber slant
must be controlled within a few degrees to apply the techni—u‘
que of model 4, because it is necessary that the light source
illuminate thé same side of everytfiber (upper side in figure
17) and because the array fibers cannot be tilted much more
than 5 degrees otherwise light will pass through the array by
reflection (ray C, figure 17). The delivered array is mar-
ginal in this respect, which led to the conclusion that model
4 could not be implemented. This was stated in Monthly
Progress Report No. 3. Later observations made while the
static masks were being prepared indicated that model 4 could
be implemented over most of the array, with just a few fibers
slanting too little,

If it is desired to center clip the signal spectrum, it
can be accomplished by means of the geometry of figure 9 or
10 but with Both masks displaced in opposite directiomsa small
amount, S, so that no light is transmitted until the displace-
ment equals S. The resulting transfer function is shown in
figure 19, Symmetrical clipping occurs at a displacement

equal to d-s. The equation of the transfer function isgiven

L= 2lgsee- )
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where 8 = arc cos s/y.

r
]

= light flux transmitted

]
G
i

incident light intensity.

Q
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slit width in mask,

S
b

length of fiber illuminated.

fiber peak displacement.

d
S

Such a transfer function can be used to remove low level back-

mask offset

ground noise. However, the dynamic range is poor.

The combined effects of diffraction and a finite source
have only been estimated. The finite source tends to give the
- array a square law response, Diffraction also tends to give the
_array a square law response for small displacements. The com-
bined response is probably approximately fourth power law for
small amplitudes blending into square law for larger fiber ampli-
tudes, than becoming linear as both source and diffraction effects
become negligible,

Halation also tends to round off the response curve near the
origin in a manner similar to mask offset. Halation is a photo-
graphic term describing the spreading effects that take place in
photographic images due to diffuéion of light in the emulsion
during exposure. The masks are made by casting the shadow of
the metal fiber array on photogréphic plate, As a result of
halation, static mask slots tend to be slightly narrowér“than

the shadow cast by the fiber. The effect is minimized by

using Kodak ﬁigh Resolution Plate for the static masks and by
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2. 203

controlling the exposure., Because of diffraction and finite
source effects, the slot formed on the static mask can be
either larger or smaller than the fiber width depending on
the exposure. Also, the array can be tilted with respect to
the light source s ‘that the fibers cast a shadow wider than
the fiber thickness. Therefore, halation can be compensated
for,

The conclusions to be drawn from this discussion of the
optical transfer characteristics of the array are that a small
source should be used and model 4 should be implemented to
obtain maximum dynamic range. For the dimensions used in
the array delivered in Task I, 35 db dynamic range is theor-
etically obtainable, To implement model 4 successfully, the
fiber slant must be controlled closely and in the future more
effort should be made to control fiber slant.

35 db dynamic range is considered sufficient for many
purposes, but could well be inadequate for use as a directly
excited vibration sehsor° For a further discussion of this,

see section 2.3.3.

Sources of Noise With Steady State Signals

There are two noise phenomena that occur when complex
steady state signals are applied to the arfay, These are
called chopping noise and signal induced noise in this report.

Chopping noise is discussed first. The light output of one
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fiber varies with time essentially as sine équared if the
fiber is treated as a square law detector. The avérage falue
of the light output represents the power spectrum. The ripple
present has no significance (unless phase measurements are
made), and should be filtered out. The method of doing this
depends upon the method used to detect the array oﬁtput. If
the entire array output is detected simultaneously by photo-
graphic film, or some other photosensitive surface, the inte-
grating properties of the photosensitive surface may be used
to remove the ripple., The time constants must be ionger than
the fiber period for effective filtering. If the array output
is scanned, the photodetector should dwell on each fiber at
least for one fiber cycle. The detector output should be low
pass filtered to remove the ripple component. Thg dwell time
can be adjusted by varying the scan speed and the area of the
array instantaneously viewed by the detector. Another alter-
native is very rapid scanning, a technique discussed at the
end of this section,

Signal induced noise is a term used to describe fluctua-
tions in a fiber's output as a result of two or more frequen-
cies being impressed upon the fiber simultaneously. Suppose,
for instance, two frequencies 2 Hz apart fall near the peak of
a fiber Q curve, the fiber having a 20 Hz bandwidth. Since
the frequencies are well within the fiber's bandwidth it is

easy to see that the fibers amplitude will fluctuate just as
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does the envelop of thevinput signalng Now, if one of the
frequencies is far removed frol the peak of the Q curve and

the other is at the peak of the Q curve, the fiber amplitude
will be more nearly constant but will still fluctuate. The
maximum and minimum amplitude is just the sum and @ifference
of the fiber amplitude when each ‘signal is applied separately.
If the input freqﬁencies have equal amplitude and are 200 Hz
apart, the maximum to minimum ratio is i.l in the above ex-
ample. The delivered array is capable of resolving frequencies
60 Hz apart and has 20 Hz bandwidth fibers. The max. to min,
ripple of a fiber to which it is applied one frequency at the
peak of the Q curve and another 60 Hz away is 1.39. The ripple
rate is 60 Hz. To remove this ripple, the photosensit;ve sur-
face or photodetector should effectively low pass filfer the
array output at less than 60 Hz. Then frequencies separated 60
Hz or more will cause liitle signal induced noise and frequen-
cies separated less will not be resolved.

If the array is scanned, the gcanner shquld dwell on each
fiber a time consistent with the bandwidths mentioned above,
This imposes serious limitations on the scan spgéd, For ex-
ample, say the 100 to 6000 Hz frequency range is scammed and
the array has the characteristics given above. The scenner
must dwell at least two ripple periods on each fiber for
filtering to be effective, The reason is apparent from fig.

20, which shows the spectral components of a segment of the
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fiber output two ripple periods long. A low pass filter with
a cutoff of one-half the ripple period will pass the main
lobe which is caused by the average value of the light pulse
and exclude the main lobes caused by ripple, thus the filter-
ing is fairly effective. A reduction in dwell time allows
part of the main lobes caused by the ripple to be passed.
Since a hanning window is much better than a rectangular
window in terms of low side lobes and its smoothing proper-
ties, it should be used, Its physical width should be about
three fiber spacings and its dwell time should be four ripple
periods, for the same relationship of main lobes to hold. as
in figure 20, Thus, as shown in figure 20, the low pass filter
should have a cutoff of one half the ripple. frequency, or 30 Hz
in the example being discussed. An equivalent alternative is
to use a rectangular scan window three fiber spacings wide and
a low pass filter whose frequency response is that of a hanning
window. The rate of scan in fibers per second is found from
the above relationships to be 3//4 the ripple frequency, or 45
fibers per second in the particular example. A 100 to 6000 Hz
array with 20 Hz fiber spacings has 295 fibers, hence the time
required to scan the array is 6.6 sec. This is intolerable
for most applications.,

A similar calculation may be made for the maximum scanning
rate when only chopping ncise is considered., In this case it

is concluded that the maximum scan rate in fibers per second
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equals 3/2 the fiber resonant frequency, and that the ideal
low pass filter should have a cutoff equal to the fiber fre-
quency., If a linear scan is used, the lowest frequency fiber
determines the scan rate. To obtain a high scan rate hetro-
dyning may be used. The signal is frequency shifted so that
the lowest frequency is rather high. The frequency shifted
signal is analyzed by the array., For example, say the 100

to 4000 Hz band is to be analyzed. If the signal is analyzed
directly, the scan rate is limited to 150 fibers per second.
If the signal is shifted to the 2100 to 6000 Hz band, the
meximum scan rate becomes 3150 fibers per second, a very sign-
ificant improvement.

It is shown later that four arrays are necessary to cover
the 100-20,000 Hz band. Using the design parameters of these
arrays {see Section 2.4, Table of Design Parameters), and the
scanning formulas derived above, the following scan time con-
ditions are obtaineds

Minimum Scan Time

To Remove Signal Minimum Scan Time To
Array Induced Noise Remove Chopping Noisge
100-376 Hz 1.25 sec. .185 seconds
276-1410 Hz 4,57 sec, .185 seconds
1410-5320 Hz 4.34 sec. .092 seconds
5320»20»006 Hz 4.07 sec, . 0457 seconds

In all cases, the minimum scan time to remove signal induced
noise is too large unless it is known that the signals are

essentially steady state or stationary.
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A possible solution is to scan rapidly and average succes-
sive scans. Two techniques will be considered. In the first
technique, the chopping noise is removed as before by a suitable
choice of the scanner dwell time. To average out the signal
induced noise, more than two scans per signal induced fipple
period are necessary to satisfy the sampling theorem. If the
ripple amplitude is just negligible at 200 Hz (it is #5% for the
lowest three arrays), then at least 400 scans per second are nec-
essary (scan period &€ .0025 sec.), so the maximum period set by
signal induced noise and the minimum set by chopping noise are
incompatible, thus the first technique will not work. It can
be made to work over a limited frequency range by hetrodyning
the signals up in frequency, but this is ruled out in the present
application,

The second technique requires scanning at a rate more than
twice the highest chopping frequency (to satisfy the sampling
theorem). Even this may not be enough, because the fiber really
full-wave rectifies the signal present on each fiber, hence
the fiber output is described by a set of harmonics which fall
off as Ag = 1, Ay = 2/3, Ay = /15, A3 = 2/35 etc. The scans
must be averaged over at least one signal induced noise ripple
pericd to remove signal induced noise. This technique requires
very high scan rates and may be impractical, but is theoretically

sound.
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R.2.4

Higher Mode Response of Fibers
The first few resonant modes of a cantilever beam are shown

> It is seen that the second and third mode

in figure 21,
frequencies are 6.27 and 17.55 times the fundamental. when
the array is driven mechanically at the base, all of the modes
are excited. One method of obtaining an unambiguous output is
to band limit the signal being applied to the array so as to
eliminate higher mode éxcitation. Another method of reducing
the effects of a selected mode is to illuminate the fiber at a
nodal point of the selected mode. Thus the effect of the second
mode can be reduced by illuminating the fibers a distance .774
of the fiber length from the fixed end. If this technique is
used, it is theoretically possible to cover an input frequency
range at 17.55 to 1 in one array without ambiguity.

Fiber defects will in some cases shift the nodal point
slightly, causing small ambiguities. The primary defect in
fiver uniformity is caused by the process used to tune the ar-
rays. 1t has been calculated that the response to the second
mode cannot be reduced by more than a factor of 10 for this
reason unless the nodal point of each fiber is measured and
a masking technique used to illuminate each fiber at its nodal
point., Even then there will be some response to second mode
because of the finite width of the beam used to illuminate the

nodal points. PFor these reasons the nodal point technique is

L.E. Kinsler and A.R. Frey "Fundamentals of Acoustics," John Wiley

- @nd Sons, N.Y. 1950, pp 83-87.



2.3
2.3.1

not recommended except possibly for very low frequency fibers

which are large and can be accurately manufactured. Therefore

for unambiguous outputs, it is necessary in general to limit

the frequency band to a 6 to 1 range. The 100 to 20,000 Hz
range be covered with at least three separate arrays covering
roughly the ranges of 100 to 600 Hz, 600 to 3600 Hz and 3600 to
20,000 Hz. The signals being applied to these arrays must be
band }imited at the upper frequency of each range respectively
to preyent second mode response,

Since the arrays are to be excited directly by some struc-
tural member, the band limiting must be accomplished by means
of mechanical filters, the design of which is outside the gcope
of this report. It is probably necessary to cover the 100 to
20,000 Hz range with four arrays rather than three because of
the filter design problems. In this case, each array would
cover a 3.75 to 1 range, and the filters would attain about 40

db attenuation at 6 times the lowest frequency in the array.

Practical Design Factors Affecting Performance
Fiber Stress, Frequency Range, Dynamic Range

The fiber stress 1s a function of the resonant frequency
of the fiber and the dynamic range that is to be obtained from
it. This can be shown by deriving an equat%on for stress in
terms of resonant frequency and fiber displacement. The de-

rived equation will be presented without proofs



G;V’&x= 7,58@'[0 Ljo (10)

where (Tpy Oy is the maximm tensile stress in the fiber,

E is the modulus of elasticity, psi.

P is the density, —3%5 %-2-38-

-\Co is the fiber resonant frequency.
go is the fiber tip peak displacement.
Rectangular cross section assumed.

Thus, it is seen that the stress does not depend separately
on the fiber width, thickness or length, but just on the re-
sonant frequency, which in.turn is a function of dimensions.
Por a given displacement, 5, » the fiber stress is proportional
to frequency. The maximum displacement that can be obtained
at-a given frequency is set by the endurance limit of the
fiber material. Arrays built to date have employed NI-SPAN-C,
a spring materisl having an endurance limit of about 50,000
psi in the cold rolled, aged condition, a modulus of about 25
x 10° psi and a density of .293 1b/in3. The fibers are .002
in, thick, the maximm useful displacement is .004 in (model 4).
This causes a stress of 28,000 psi in a 6000 Hz fibers. Ad-
jacent fibers collide for a displacement of .004 in, but for
very high input drive levels., the fiber displacement can reach
.008 in, The fibers are separated .010 in, and the fibers have
not been observed to vibrate beyond .008 in. The fiber stress

is 56,000 psi for this displacement at 6000 Hz. Although this
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exceeds the quoted endurance limit, no failures have been ob-
served. Also it should be noted that the fibers are not aged,
so the quoted endurance limit may be somewhat less than 50,000
psi.

The theoretical dynamic range of the 6000 Hz fiber is
about 35 db as shown in Section 2.2.2. This is considered the
maximum obtainable at 6000 Hz. The upper bound of the operat-
ing range is set by fiber s.tress,° as shown above, and the
lower bound is set by diffraction. The dynamic range obtain-

able at other frequencies is inversely proportional to frequ-

ency, assuming the lower bound remains fixed (as is reasonable).

Therefore, the maximum dynamic range obtainable from the four
arrays covering the frequency ranges 100-376 Hz, 376-1410 Hz,
1410-5320 Hz, and 5320-20,000 Hz is 59 db, 47 db, 37 db and
23 db respectively.

This statement is not exactly true because it is based on
scaling of the present array design, in which hard limiting
does not occur until the displacement is double the useful
displacement., It might be possible to increase the dynamic
range by 6 db if the fibers were spaced somewhat further apart
and the fiber limiter shown in figure 22 were used. The idea
is to make the stress at the maximum useful displacement equal
the endurance limit (50,000 psi), but not permit larger dis-
placements. This idea probably would have to be used on the
high frequency ayray simply to keep the fiber spacings large

enough to implement the tuning procedure now in use.
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2.3.2

Factors Affecting Fiber Bandwidth

Fiber bandwidth arises from three causes. These are gero-
dynamic dampipg» fiber hysteresis damping and hysteresis damping
in the base material in which the fibers are embedded. An exact
analysis of these sources of damping would be very difficult.
However, an approximate analysis is possible and combined with
experimental data, allows design formala to be obtained.

Aerodynamic damping will be considered first. As can be seen
from figures 1 and 2 the fiber has a paddle like shape. When it
vibrates, aerodynamic drag damps the fiber. This effect is en-
hanced by placing the static mask close to the fibers, because
this increases the air velocity around the fibers. An approxi-
mate expression for bandwidth in terms of fibef geometry has been
obtained. It shows that the bandwidth is independent of frequency.
First the fiber Q is expressed as

MY |
Q= p (1)
where Q)p is the radian resonant frequency.
U is the stored energy of the fiber,
P_ is the power loss (due to damping).

Each element of length of the fiber contributes an increment of

stored energy given by AU= _A__ /DA q/’-ﬂ/)(

where F is the fiber density
A is the fiber cross section.

) is the peak velocity of the fiber at a distance
. from the base,

dx is the increment of length,
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Because the fiber velocity i1s very low, the drag force is pro-
portional to the fiber velocity (this is the Stokes region of

flow). Therefore the power loss due to element dx is given
by | -
dP == £V dr

where ‘Q is a constant dependent on geometry and the viscosity
of air, and where the flow is assumed to be in a plane pez:pen-
dicular to the fiber,

The ratio of dU to JP is

d—-u - P_——A = =
where the last equality follows because d P is a constant.

Therefore { is given by

Wo PA
Q= =

(12)

and the bandwidth B is given by
_po = L

B - 5 2P A (13)
Thus bandwidth is independent of frequency. This derivation
neglects end effects. It has been experimentally verified
over a 200 Hz to 6000 Hz frequency range using an array of
the type delivered on this program. It has been verified
for round fibers over a 200 to 10,000 Hz frequency band.
Experiments show that the bandwidth varies inversely with
mask to fiber clearance, the clearance being .0015 inches

for 20 Hz.
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The effect of hysteresis losses in the fiber material may be
derived accurately. The Q is written as

_ weV_ 27U

= P - A U (14)
where AU is the energy lost per cycle due to hysteresis.
Considering an arbitrary element of volumedof the fiber, the
energy density is proportional to the strain squared. Likewise,
the energy loss per cycle per unit volume is pfoportional to

the strain squared. Hence,

du a
%—AY-{]_ = constout = z%"“ 7n (15)

d v

where J V is an element of volume. Therefore the fiber Q due
to hysteresis alone is a constant dependent on the material.

The Q of NI-SPAN-C is quoted to be as high as 8000, 1If a

figure of 5000 is used, the bandwidth at 20,000 Hz due to fiber
hysteresis would be 4 Hz, This is small compared to the design
goal which is 20 Hz or more. Atlower frequencies, the contri-
bution to bandwidth of fiber hysteresis is even less, and there-
fore can be ignored over the entire frequency range.

Base material hysteresis losses may be anaiyzed in a simi-
lar manner. Again the fiber @ is expressed as in equation 14.
The stored energy and loss per cycle in the base are calculated
as a function of fiber length. For constant fiber displacement,

it is clear thats



| (
Base strain of -Fi ber‘ /engﬂ‘)

Total strain energy of fiber o£_(fiber length) (strain)2 =
1 ,
fiber length

1
length)%

Base loss per cycle (strain)z'O( (fiber

Q Base _o(z% ok fiber length & "'V-—F-‘l—'-v’

B = g‘ o« -F;/Z (16)

The proportionality constant depends on the base material and
the distribution of stresses in the base material. It also
depends in a critical manner on the bond strength between the
fiber and the base according to data taken on experimental
arrays.

Measurements were made, in an earlier program, in an at-
tempt to evaluate the thres sourcés of loss discussed. To
evaluate base losses, NI-SPAN-C fibers were potted in epoxy,

a relatively lossy materialoy The 3/2 power law (equation 16)
was verified to be reasonably accurate (measured power = 1.4).
Also an array similar to the type delivered in Task I was placed
in a vacuum to eliminate air damping. Bandwidth was found to
increase linearly with frequency, 6 Hz being measured at 6000
Hz. Because the quantity of data taken was small (20 measure-
ments on one array), the 3/2 power will be used to extrapolate
the hysteresis losses to 20,000 Hz. The extrapolated bandwidth
{extrapolated from 6000 Hz) is 36 Hz. A linear extrapolation

gives 20 Hz.
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2.3.3

The bandwidth due to base losses may be reduced by reducing
fiber thickness. A scaling law indicates that the bandwidth due
to base hysteresis is proportional to the square root of fiber
thickness, Therefore, a reduction from .002 to .00l inches
would reduce the base bandwidth from 36 to 25 Hz.

The bandwidth due to base hysteresis varies more from fiber:
to fiber than does the bandwidth due to air damping. This is
so because base damping depends critically on the fiber to base
bond strength. Variations of +30 percent are common. Whether
these variations are acceptable depend upon the use put to the
output data from the array. If the frequency range were reduced
down to 10,000 Hz, hysteresis would contribute 12 Hz to the bande
width and the variations in bandwidth due to hysteresis would be
quite small compared to the 20 Hz bandwidth which would probably

be used,

Vibration Levels Needed to Drive Array

If the signal is of the discrete frequency type, the vibra-
tion level needed to drive the array may be found simply from
the transfer function given in figure 8, It was shown that the
fiber tip displacement is Q times the base motion at resonance.

Therefore, the base motion required is

tp . Blre -

Ybase =
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where fa is the fiber bandwidth at frequency"F° If the fiber
bandwidth is independent of frequency as is the case for the
array delivered in Task I, then, to maintain constant fiber
tip motion, the base drive level must vary inversely with fre-
quency. |
The fiber tip motion due to a random signal may be found
in terms of the power spectral density of the input signal.
Since the input is in terms of base displacement, :ﬁb » the

input spectral density is given by
2

+T ‘ot
o, -4
P, - T’i';‘ﬂ —igb@)e dt

and has units of (inch)® sec = (inch)2/Hz. The rms fiber tip

displacement is given by oD
b @) | [t
(s%“ip,\ms) - PbacSoééc e

where H({J) is the fiber transfer function (figure 9). When

this integration is carried out it is found that

(:j+}pms)z" %ZQT'B Pbue@ 2 " ”
| R o
'{]ﬁPan.S:@ [ ba.se(

B}/z
where B is the 3 db bandwidth at frequency F and |3, o is the

single sided power spectrum,
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If the input is given in terms of acceleration measured
in g's, then the input power spectral density will be in terms
2
of % /Hz. The fiber tip motion is then given by
| Va y
se8 (n\2£P"* 12,3 P*
Fiorms = 22/ ga~ FT o
JHerms = Zmf) B F gn
2
where P is measured in % /Hz

An example application of this equation is now presented.

(19)

Say the fiber bandwidth is 20 Hz, the frequency is 2000 Hz
2
and the power spectral density is ' 3/Hz., The fiber tip

motion is given by
%ﬁpm = 2000(20)"2—-: .0014 inches.

This motion is within the dynamic range of the fiber.

Yo

The small dynamic range of the arrays (23 to 41 db) makes
it necessary to control the input vibration level accurately,
otherwise the array output will be badly distorted or absent
entirely. The large frequency range to be covered (100 Hz to
20,000 Hz) aggrevates this problem. In previous applications,
it has been found necessary to record the signals on magnetic
tape, and excite the array with an electromechanical driver.
The signal is played several times in order to optimigze the
drive level, Slope networks are used to compensate for the
characteristics of the driver and also the characteristics of
the signal. The slope networks are often essential even when
covering the 100 Hz to 4000 Hz frequency band. Automatic gain

control circuits have sometimes been used to maintain the input
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drive level within narrow limits. In another application, the
total light output of the array was maintained at a predeter-
‘ mined level by means of a photocell which was connected to a
fast acting automatic gain control circuit which was part of
the signal amplifier chain, Without such procedures the per-
; ® formance of the array is likely to be poor. It is difficult
to see how such procedures or equivalent procedures can be im-
plemented when the input signal is in the form of a structural

vibration which is applied directly to the array.

2.3.4 Static Displacement of Fibers in Array Undergoing Acceleration
In the intended application, it is understood that the array
‘ will be subjected to steady state accelerations as high as 5 g.
If the array is mounted so that the direction of vibration and
* direction of steady state acceleration coincide, the fibers will
be displaced relative to the static mask. This effect may be
analyzed in tefnié of the transfer function (figure 8) which is
accurate at zero frequency. The analysis is given below. The
fiber transfer function is
1 .
| . H(OU): ;j__@w/é(h _
’ W (W
| 4 é;.( /W~ ’22))

(20)

® Hlwe)= —iQ
/L/(o)-_-_-_ //m ZJ)

o220 o

- _ ‘ “Aase<w0) (
® Yriploo)= 49 ic—u_f—_ 2
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g'ﬁp(O) = [om (% YM): ’g'base (O)

———— (22)
wAONT 4% w:_
F X
Griples) o bseler)

Y,6(0) I 'gwe (o) =)

r XJ
If the AC signal is random at /s, then g ba x(ﬂdg) is given

by

. e V2
?m(w") - [_%_7' B Péasé('pb) “

(24)

where |4  is the fiber 3 db bandwidth.
Pﬁﬁse is the single sided power spectrum

in units of (acceleration)?/Hz.

'475 ,,(w(,) is the rms displacement .

An example calculation is given

Péaseéao) =/ 92/ H=
B = 20H2
finsd= =9
fo = /00 Hz
wslws) =(Z 8 Qasc)lé: 8¢l oY/ Ha
Q= */g=§
g*m(an)/% o) = -

. '~ _ S -
gﬁp ©) = J base (fJ)/wD = (’%@z = 008 /nches

o~ 5l _ 5.6/
15 F= =4
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2.3.5

In view of the fact that the fiber thickness in the standard
array is .002 inches, the static displacement is much too
large. The frequency at which the static displacement is
negligible (70 microinches) 1s, from equation 22, 850 Hz.

A possible solution to this probliem is to mount the array
at right angles to the acceleration vector. This is unaccept-
ible if it is the vibration components parallel to the accel-
eration vector which are of interest,

A possible method of mounting the array which isolates it
from the steady state acceleration, yet applies the vibration
component parallel to the acceleration vector to the array is
shown in figure 23. The array fibers are parallel to the
acceleration, hence are not displaced staticaily. The reson-
ant frequency of the array mounted on leaf springs is placed
well below the lowest frequency of interest. A vibration
parallel to the acceleration vibrates the array along the X
axis because the mass of the array tends to remain stationary.
A vibration in the X direction also has an effect on the array,
the decoupling depending on the design of the springs. Whether
these are satisfactory solutions cannot be answered without

more information on the intended use of the array.

Magnetic Coupling Between Fibers
If the fibers are made of a magnetic material, magneto-

static forces can exist between them. These forces can have a




very large effect if a highly magnetic material such as carboﬁ
steel is used for the fibers. The arrays built to, date use
NI-SPAN-C, a material having a relatively low saturation in-
duction of 500 gauss,

A useful model in analyzing one type of magnetic qoupling
effect is shown in figure 24. The fiber mass is represented
by m, the fiber spring constant by spring k and the magnetic
coupling by spring k,. The physical situation_giving rise to
this model is also shown in Figure 24. The applied magnetic
field, Bo», éauses magnetic poles to be induceq in the fiber
'tipso The se poles.repel each other, If a fiber is displaced
from its rest position, these magnetic fources cause a restor-
ing force on the fiber, and also a coupling force on the ad-
jacént'fiberso These forces can be represented by a spring as in
figure 24. If the applied magnetic field is sufficient to
saturate the fibers then an approximate expression for the
spring constant associated with magnetic coupling can be de-
rived easily. It is

‘ - pRLab
c=

2MUS> (25)
where the dimensions are shown in figure 24.
/3 s 1s the saturation induction,
/,(p is the permeability of free space
MK S units are used.
Likewise, the fiber mass and spring constants, are given, as

stated in figure 8, by
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m =.22¢ pAL

The ratio of _R;E can be reduced to

2 Y2 o
Re _ Bs b —_— (26)
R, - '63,41,5‘/4-p;/¢$z%3/1‘ .

' 'where E is the modulus of elasticity.. -

/O - is the density.
{t)» is the resonant radian frequency.
MhS - units are used
In general, each section of the mechanical filter is

different since each fiber is tuned to a different frequency.
If each fiber were identical, then the passband characteristics
of the filter can be easily derived from image parameter theory.
It is useful to calculate the bandwidth of tbe filter under this
assumption because it gives a good measure of the coupling ef-
fects, Assuming in addition that the fiber damping is negli-

gible, it can be shown that

'F‘;r"'[o Zfa(i"*#—ké —l> (27)

where -(\Tr is the upper cutoff.
“Fo is the lower cutoff, and is also the fiber
resonant . frequency in the absence of coupling.
The subscripts, 7, 0, signify the phase shift per section.
An example calculation is given, using the dimensions of

the array delivered in lask 1,
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Materials NI-SPAN-C,

Fiber Thickness, b = .002 inches
Fiber Width, a = ,022 inches
Fiber Frequency, = <2000 Hz

ke
> = .03

K . .
Lp-fo= 2000(4’1-}4«.035”-1): 142 Hz2

Since the bandwidth of the filter is large compared to the

fiber spacingvof 20 Hz, it is concluded thet the coupling
affects will have a pronounced effect on the fiber's transfer
characteristics. This has been observed experimentally. The
resulting fiber transfer characteristics when the arrray is
driven in the usual manner at the base has been observed to
have a bandwidth roughly equal to the predicted value of 142
Hz, but it has several pronounced peaks and valleys. The
peaks and valleys are the result of driving each section of
the filter rather than just one input section. A particular
fiber!s output is the superposition of several waves arriving
at the fiber at various phases dependent on frequency. Of=
cource, it is necessary to apply a magnetic field to the array
to observe these effects. Under normal conditions, no coupling
is observed.

In addition to coupling, a magnetic field applied parailel
to the fibers raises the resonant frequency of the fibers.
This effect is negligible for the small fields normally pre-

sent around the array (say under 10 gauss),
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When the applied field is transverse to the array as shown
in figure 25, the fibers tend §; stick to each other. Eiperi-
ence has shown that tﬁis effect is very troublesome with thin
fibers (.0005 thick) at low frequencies. Furthermore, with
such fibers, the residual magnetism is sufficient to keep the
fibers clumped after the applied field is removed, A theore-
tical analysis of this effect is too difficult to carry out
completely, however, some useful information may be derived.
Consider the effect of changing just the fiber length, Assume
the fibers become saturated when they touch (a worst case con-
di%ion); Then magnetic force is independent of,e and.fc. The
spring constant is proportional to one over length cubed.

This is illusfrated grapically in figure 25. It is seen that
for frequencies below some critical frequency, clumping will
occur {given an applied field sufficient to saturate the fibers).
This critical frequency can be calculated roughly, assuming suf-
ficient field is appliied to cause saturation. The derivation
will only be outlineds The magnetic force holding the fibers

together is approximately 2

L abp
FM=2 /‘40‘ (28)

where ab is the fiber cross section. This formula is based on
the fact that the flux in the fiber is largely axial due to the
high depolariza@ion factor in the axial direction. The force

cannot be greater than the above value since this is the force
that would be exerted in the fiber tip if alil the flux excited

there. The spring restoring force is, from figure 8.
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t F— 2 13 ‘ (29)
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. These forces are equated, and soived for § . Then £ is re-
placed in the equation for resonant frequency (figure 8).

The frequency below which clumping occurs is found to be

H
o v a

t = 0)
| clawmp = =7 | V8 2/ 2
| P Mo E76 7 2 b 35 3
where Bs is the saturationinduction,
/&(D is the permeability of free space.
E  is the modulus of elasticity.
p is the density.
‘ 6 is the fiber thickness.
i S  is the fiber spacing.
: Mks units are used.
For NI-SPAN-C fibers, the equation can be reduced to
400
£ = — (31)
C/“V‘\P 6/3 S 3

4

where b and s are measured in thousandths of an inch, If the
fiber thickness 1s 2 thousandihs and the fiber spacing is 10
thousandths, as in the delivered array, the calculated clumping
frequency is 70 Hz., Therefore 1t is concluded that clumping is
not a problem covering the 100 Hz to 20,000 Hz band, even with

the fiber cross section presently used in arrsavs.
F B,
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2.3.6

R,3.6.1

Critical Dimensicns., Thermal fkpewu-silon rroblems. Tuning
Accuracy.

The critical dimensions of the array sssembly delivered
in Task 1 will be discussed because the problems encountered
are typical. The active part of the array is 2.0 inches long.
It contains 200 fibers each with a cross section éfv,OOZO X
.022 inches. The array covers a frequency range of 2000 to
6000 Hz. The fiber length varies from ,UY8 to .170 inches.
The static mask to fiber clearance is .00.1% inches, which
results in a fiber 3 db bandwidth of 20 Hz, It is estimated
that the clear slots in the static mask are iined up with the
fibers within 35 microinches, The fibers are tuned to an ac-
curacy of 2 Hz. After the arrsay has been used, the accuracy
at the low end of the array remains unchanged, but at the hignh
end a small percentage of the fibers drift. The accuracy at
the high end is about x5 Hgz for thes few fibers and remain 2
Hz for the majority.

The criticalness of each of these dimensions wiil be re-

viewed briefly.

Number of fibers per inch (100 in exsmple),

The fiber spacing is held to .ULD *.0002 at the base be-
cause it is easy to do. However errors of +.001l would not
seriously affect performance, FHrrors in spacing would affect
the frequency linearityof the arrsy if the frequency spacing

between adjacent {ibers were heid constant. FErrors in spacing
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2.3.6.2

2.3.603

2039604

produce errors in the smoothed (over frequency) amplitude output

of the array (see Section 2,2.1). These errors are considered

to be negligible in the delivered array.

Fiber Thickness.,

The fiber thickness is critical because it affects the fre-
quency of the fibers before tuning (see figuren8). An attempt
is made to hold the fiber thickness to .002 +10 microinches.

A 10 microinch error causes a 1/2 percent frequency error before

tuning (30 Hz at 6000 Hz).

Fiber Width

The array width is held to .0220 #0005. The width is not
critical, however, the flatness on the sides is because of the
small clearance between the.array and static masks.
Fiber Length.

The fiber length is critical because of its effect on
frequency before tuning. By differentiating the frequency

equation of figure 8, it is found that
st __2 o8
¢ Z

The frequency errors are seldom more than 100 Hz at 6000 Hz
before tuning. If the entire error is due to lengtg, then the

length is being held to about .00l inches.
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2.3.6.5 Mask to Fiber Clearance.

2.3.6.6

The mask to fiber clearance largely determines fib;r band-
width. Bandwidth varies inversely with clearance, so the clear-
ance is critical. The clearance of .0015 on each side adds up
to .003 inches, It is the sum of clearances that is really
critical. This is important because the array tends to develop
a slight chamber after it is removed from the surface grinder
use to render the sides flat. The clearance is held accurately
at the array ends by means of ,0015 thick shims. A slight
chamber in the array can be tolerated. The static masks, how-
ever must be flat. Care must be used not to bend them while |

they are being bonded in place.

Alignment of Static Mask Slots with Fibers

The alignment is performed under a microscope by means of
an opticel alignment fixture, The fixture consists of a small
light source and collimating lens. The array is illuminated
with collimated light, which makes a small angle with respect
to the fibers {see figure 17). First one mask is placed in
the array assembly and aligned {as viewed by the microscope).
The effects of diffraction discussed in section 2.2.2 are
readily observable., The microscope is focused on the emulsion
of the static mask. The fiber being viewed slants, therefore
only one edge of the fiber will be illuminated. The mask is
aligned with this edge. The mask is bonded to the metal hous-

ing with epoxy. 1t is room cured to avoid thermal expansion
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2,3.6.7

problems. Alignment after curing has been found to be very

good. The procedure is repeated with the other mask.

Differential Expansion.

Differential thermal expansion 1imits the temperature range
which the array assembly can be subjected to, Static mask
alignment is the limiting factor. From the discussion of dif-
fraction effects, it was concluded that the dynamic range is
35 db, and the smallest perceptible fiber motion is about 70
microinches for the delivered array. Since gross mask mis-
alignment degrades dynamic range even further, a mask misalign-
ment of 35 microinches due to thermal expansion will be used as
a design criterion. The material used in the construction of

the delivered array and their expansion coefficients ares

Expansion
Part Material Coefficient, deg F~+
Fiber NI-SPAN-C 4.5 x 107°
Array Base Pure nickel 7.2 x 10-6
Housing Precipitation hardening
stainless steel 5.6 x 107°

Static Mask  High Resolution Kodak 4.5 x 106
Plate

The array is bonded to the housing with epoxy and the
masks are bonded to the housing with epoxy. It is initially
assumed that the array and masks are bonded just at the
centers, so the length used in the calculationsg is 1 inch

(1/2 the array length)., The differential expansion between
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array and static mask will be 35 microinches fer a temperature
change of 13 degrees F, a relatively small change in tempera-
ture,

To extend the temperature range somewhat, the array is in
fact bonded overits entire length to the housing. The housing
is much more massive than the array, so the array is constrained
to expand with the housing provided the epoxy used is stiff
enough to transmit the shear load. If this assumption is made,
and the masks are bonded just at the center, then the temperae
ture change becomes 32 degrees F for a differential expansion
of 35 microinches. The temperature range would then be 38 to
102 degrees F. This is enough for some applications.

To extend the temperature range further, the static masks
might be bonded to the housing over their full length. The

epoxy must be cured at room temperature, otherwise differential

expansion that occurs during curing will be locked in, On the
other hand, good high temperature properties are not obtained
with a room temperature cure. These difficulties are not in-
surmountable, but require further work. A possible solution is
to use a housing material which matches the masks more closely,
NI-SPAN-C, for instance. The array could be electron beam
welded to the housing, thus obtaining a stable high temper-
ature bond. The masks would be epoxy bonded to the housing
either at their centers or over their full length., Now, how-
ever, a high temperature cure is possible because of the good

thermal expansion match between the masks and housing. The
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maximum temperature will be determined by the softening temper-
ature of the epoxy, or possibly by the small remaining differ-
ence in expansion coefficients, The maximum temperature could
be on the order of 170 degrees F. The minimum temperature
would probably be set by differential expansion. It might be
about -30 degrees F. This assumes the present differential
expansion is reduced by a factor of three,

The 100 to 20,000 Hz arrays will now be considered. It
will be assumed that the minimum perceptible fiber motion is
the same for all arrays (70 microinches), and that the allow-
able differential expansion is 35 microinches. From Section
2.4, the array lengths are .56, 2.06, 1.95, and 1.83 inches
progressing from low to high frequency. Since the upper three
arrays have approximately the same lengths, they will cover
the same temperature ranges. The lowest array is shorter by a
factor of 3.6. It will tolerate 3.6 times the temperature
change, if differential expansion sets the limit. Assuming
the upper three arrays cover a =30 to 170 degree F range, the

lowest array would cover a -270 to 170 degree F range.

2.3.6.8 Fiber Tuning Accuracy.

The discussion of tuning accuracy will be concerned with an
extrapolation of the present technique up to 20,000 Hz, since
no serious difficulties exist at frequencies below 6000 Hz,
based on previous experience., A 6000 Hz fiber has a length of

.098 inches in the current array design. If the frequency range
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2.3.7

is extended to 20,000 Hz simply by use of shorter fibers, then
the fiber length at 20,000 Hz will be .054 inches. It has been
concluded that the primary source of error before tuning is
fiber length, and that fiber length can be held to .00l
inches. This figure is not likely to be improved upon. Al-
though the frequency error Before tuning will be about 180 Hgz
at 20,000 Hz, the length error will be the same, and therefore
the time required to abrade away excess material on the fiber
will not change.

The primary problem if any in tuning the 20,000 Hz fibers
will be in achieving high accuracy. The amount of material
corresponding to a 2 Hz change at 20,000 Hz is less than that’
at 6000 Hz by a factor of 1.83. Therefore it is expected that
the accuracy at 20,000 Hz will be about 2 x 1.83 = 3.7 Hz on

the average. A few fibers will be in error by about 9 Hz

.rather than 5 Hz at 6000 Hz, These errors are considered ac-

ceptible,
Thinner fibers might be used in the high frequency array.

This does not materially affect the conclusions reached gbove,

Structural Resonances

The array assembly delivered in Task 1 consists essentially
of an array, static masks and a housing. The assembly has many
modes of vibration, which are determined primarily by the hous-

ing. The lowest mode is the flexural mode., Calculations in-

dicate this mode will be at about 10 Kc. This is sufficiently

above the highest fiber frequency to be of no consequence.
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Of the arrays necessary to cover the 100 t6‘20,000 Hz
frequency range, only the highest will present a new struc-
tural resonance problem, It presents a severe problem be-
cause it is not only larger, but also the array frequencies
are higher,

A failure to place the structural resonances above the
highest frequency of the array would in many instances cause
the array response to be very nonuniform versus frequency in
the vicinity of resonance, This is not the case for all
resonances, however it is considered good practice to place
the fesonancés above the array frequency range if possible.

Firét the longitudinal resonances will be considered.
Within the band longitudinal resonances are not acceptable in
the array assembly because they couple well to the fibers. If
the housing is made of steel, steel alloy, nickel, or aluminum,
the longitudinal velocity of sound in the housing will be about
2 x 10° inches/seconds, The wavelength at 20,000 Hz is 10
inches (velocity divided by frequency). When the housing is
not bolted down, that is when it is suspended freely, it will
resonate in the longitudinal mode at 20,000 Hz if it is 5
inches long (1/2 wavelength). Any increase in length will
reduce the resonant frequency. The longitudinal mode has a
node at the middle of the housing and maxima at each end.
Hence, if the housing is bolted down at the ends to a large

structure, it will not be able to resonate on its own in thig
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mode. However, the large structure must have resonances of its
own which are even lower in frequency. If the housing is
bonded along its entire liength to a large structural member
then it will be constrained to vibrate with the structural
member, At high frequencies, longitudinal standing waves are
likely to exist in the structure. If the array is an appreci-
able fraction of a wavelength, the input displacement of the
fiber will vary over the array length, probably by a large
amount,

It is not possible to fully evaluate the resonances in a
structural member by making measurements just at one point;
it is necessary to make sufficient measurements to locate all
the nodes and maxima. To do this, it is desirable that each
vibration sensor measure the vibration over a small area of
the structure rather than over a large area of the structure.
The latter requirements can be approximated by the metal fiber
array if it is attached to the structure undergoing test at
one end of the array or in the middle, and if the structure is
massive enough to be almost unperturbed by the array., In this
case, the resonances of the array assembly can be considered
independently of the resonances of the structure undergoing
test, If the array is attached at one end, it will resonate at
a frequency such that it is 1/4 wavelength long. Therefore
the 5320 to 20,000 Hz array must be less than 2 1/2 inches

long. However, if it is attached at its middle, then it will
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resonate when it is 1/2 wavelength long, 5 inches at Z0,0QO
Hz. Since the mechanical Q of this resonance will be very
high, it 1s sufficient to place the resonance just above
20,000 Hz,

| Flexural resonances couple weakly or not at all to the
fibers. As a matter of conservative design practice, the
flexural resonances should be placed above the frequency band
covered by an array if possible. It is possible in all but
the highest frequency array. This array will undoubtedly have
two or more transverse resonances.

The 5 inch l1imitation on array length for the 5320 to

20,000 Hz array has a considerable effect on array design.
For instance, if the fiber spacing is 20 Hz and there are 100
fibers per inch (as in the 2000 to 6000 Hz array), the length
would be 7.3 inches. Due to the method of manufacture, the
physical spacing between fibers cannot be reduced unless the
fiber thickness is reduced. If the fiber thickness is reduced
to .00l inches, from .002 inches, the array length would be

3.7 inches, an acceptable length.

Rough Design of Arrays to Cover the 100 Hz to 20,000 Hz Freguency

Range

This section presents the rough designs of the arrays neces-
sary to cover the 100 Hz to 20,000 Hz frequency range. It is
summary in form since the basic information is also contained

in Section 2.2 and 2.3.
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Four arrays arc necessary to prevent higher mode excitation
(Section 2.2.4). They would cover frequency ranges of 100 to
376 Hz, 376 to 1410 Hz, L1410 to 5350 Hz and 5320 to 20,000 Hz.
All the arrays would use the construction techniques which
were used to manufacture the array delivered in Task I, which
covered the 2000 to o000 Hz range., The lowest four arrays
could use .002 inch thick by .022 inch wide fibers. Probably
the lowest array would use fibers several times as thick to
improve dynamic range. Thicker fibers could also be used in
the 376 to 1410 Hz array. Note. however, that the gfeater
dynamic range obtained can only be taken advantage of if the
signal spectrum is strong 'enough, since it is the upper bound
of the range that is increased.

The highest array would use .O0L inch thick fibers spaced
.005 inches. The reason for this is to reduce somewhat the
base hysteresis losses {see Section 2.3.2), and more impor-
tantly to reduce the array length so as to prevent longitudinal
resonances from occurring below 20,000 Hz (see Section 2.3.7).
A fiber limiter is necessary {Section 2.3.1).

The fiber frequency spacings and bandwidths would be about
as followss The three lowest arrays would have fiber band-
widths of about 20 Hz. This could be modified somewhat to
suit the cuctomer. The two lowest arrays would have fiber
spacings of 1/2 bandwidth, The reason is that these arrays

have few fibers in them anyway (28 and 103 for 1/2 bandwidth
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spacing), and therefore the improved performance seems worth
the extra fibers {see Section 2.2.1 on resolution and spatial
smoothing of optical output). The 1410 to 5320 Hz array would
have fibers spaced one bandwidth because a closer spacing
would cost more than its worth (in ouropinion). The high
frequency array would have fibers spaced 20 Hz or more apart.
Because the high frequency array covers 3.76 times the fre-
quency range covered by the other arrays combined, it will
contain 3.76 times as many fibers if the same fiber spacing
is used. Therefore its cost will be much greater than the
other arrays. This problem can be alleviated somewhat by
using more fiber bandwidth and spacing the fibers farther
apart in frequency. A fiber bandwidth and spacing of 40 Hz
is recommended. Whether this is acceptable depends on the
signal spectrum being analyzed, Specifically, it depends on
the resolution required and upon the magnitude of the spectral
dengity. If the larger bandwidtn is used the length of the
array would be reduced from 3.7 inches to 1.85 inches and the
number of fibers would be 370,

The dynamic range of the arrays would be about 41 db for
the two lowest arrays (assuming .004 inch thick fibers are
used) and 35 db for the 1410 to 5320 Hz array. It would be
23 db for the high frequency array.

The temperature range over which the arrays would operate
are estimated to be about =270 to 170 degrees F for the lowest

array and =30 to 170 degrees for the other arrays, based on
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differential expansion. Other phenomena might set a limit

higher than -270cF.

_ ‘ » -
The tuning accuracy would be +2 Hz on the average for

the lowest three arrays and +5 Hz on the averége‘fbr the high

frequency array.

The lengths of the arrays would be about °5; 2, 2, 2 inches

respectively from low to high frequency assuming fiber thick-

ness of ,004, .004, .002, .00l inch respectively and band-

widths of 20, 20, 20, 40 Hz respectively.

This information and some additional information is sum-

marized in the following tables

TABLE OF DESIGN PARAMETERS

Fiber bandwidth.,
Hz

Fiber spacing,
Hz

Fiber thickness
inches

Fiber spacing.,
inches

Frequency range,
Hz

Number of fibers

Active length,
inches

ARRAY
100 to 376 to 1410 to 5320 to
376 1410 5320 20,000 °*

20 20 20 40

10 10 20 40

. 004 004 .002 .001

. 020 «020 .010 .005

276 1034 3910 14,680

28 103 195 366

.56 2,06 1.95 1.83
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TABLE OF DESIGN PARAMETERS (Cont'd)

| 1
it e e S+

ARRAY
100 to 376 to 1410 to 5320 to
376 1410 5320 20,000

Temperature range, -270° to =30 to =30 to =30 to
degree F 170 170 170 170
Frequency 30 30 60 120
resolution
Aliasing error < 2% <2% < L4k <%
Dynamic range, 41 41 35 23

db

Minimm observable 70 x 10™° 70 x 106 70 x 10-6 70 x 10~
fiber motion,

inches

Maximum usable fiber
motion, inches .008 .008 . 004 .0012

Input range,
micro-inches
100 Hz  14~1570

376 Hz  3,76-460  3,76-460

1410 Hz 1-112 1-56
5320 Hz . 266=-15 .532-7.5
20,000 Hz o L4-2

The frequency resolution given in tne teble 1s based upon
the discussion of smoothing in Section 2.2.1, and the aliasing
error is also., The aliasing error refers to the difference
between the peak falues of the spatially smoothed array output
when the input frequency falls at a fiber frequency and when it

falls midway between two fibers.
The input range refers to the peak input displacement de-
fining the lower and upper bounds of the dynamic range of the

- = - - array.

6. Based on differential expansion. Other phenomena will probably set
a higher limit, =7 3=
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